Introduction
Cardiac allograft vasculopathy (CAV) is the major cause of long-term mortality after heart transplant (HTx). 1 Cardiac allograft vasculopathy has heterogeneous pathologic features characterized by vascular wall inflammation, fibrous intimal thickening, and atherosclerosis. 2 Concentric fibrous intimal hyperplasia along the entire length of the affected arteries often leads to underestimation of disease in coronary angiography. Therefore, at our medical centre, intravascular ultrasound (IVUS) imaging has been incorporated into routine post-transplant surveillance coronary angiography. A previous serial IVUS study demonstrated that progression of intimal thickening occurs mostly during the first year followed by a slower rate of progression over time. 3 However, such studies were performed in early post-transplant years during the limited follow-up period ,2 years. Thus, there is a lack of information on the longitudinal natural history of CAV. In this study, we evaluated serial changes in coronary artery lesion morphology in HTx patients over a long period of time, using both grayscale and radiofrequency data, known as virtual histology (VH)-IVUS.
Methods

Patient population
In the Mayo HTx programme, IVUS imaging of the left anterior descending coronary artery (LAD) has been performed in HTx recipients in conjunction with routine annual coronary angiography for surveillance of CAV. Between the years 2006 and 2011, among 251 recipients undergoing coronary angiography, 214 who received IVUS examinations were screened for eligibility for a retrospective analysis of serial IVUS examinations. Patients were included if they underwent at least two VH-IVUS examinations ≥12 months apart. Thus, of 214 subjects, 43 without follow-up IVUS, 33 without serial VH data, and 1 whose serial IVUS examinations were not apart ≥12 months were not included. Subjects were excluded if they had IVUS images with inadequate quality (n ¼ 2), lesions with severe calcifications limiting the quantitative assessment (n ¼ 1), and lesions with previous percutaneous coronary intervention (n ¼ 2). Finally, 132 patients were enrolled in this study.
For patients with more than two IVUS evaluations during the study period, the first (baseline) and the last (follow-up) IVUS data were used for analysis. All laboratory tests were performed at baseline as part of clinical routine examinations. The study protocol was approved by the institutional review board, and all participants gave written informed consent.
Coronary angiography
Based on the International Society of Heart and Lung Transplantation (ISHLT) guidelines, 3 CAV was classified by coronary angiography as ISHLT CAV0 (not significant), CAV1 (mild), CAV2 (moderate), and CAV3 (severe).
Intravascular ultrasound image acquisition and analyses
Virtual histology -intravascular ultrasound examinations were performed using a 20 MHz, 2.9 F phased-array IVUS catheter (Eagle Eye Gold, Volcano Corporation, Rancho Cordova, CA, USA). After intracoronary administration of nitroglycerin, the transducer was placed at a distal portion of the LAD using the fiduciary side branch as the starting point, where the luminal diameter exceeded 2 mm and an imaging run was performed back to the coronary ostium at 0.5 mm/s. Three-to four-matched coronary segments of the LAD were determined from the images acquired at baseline and follow-up studies on the basis of the fiducial location of distal and proximal major side branches. The length of the segment was assessed as the distance between these two landmarks. The electrocardiogram-gated grayscale IVUS images and radiofrequency signals were acquired at the peak of the R wave. Offline volumetric reconstructions and analyses were performed side by side by two experienced investigators in a blinded manner using pcVH version 2.2 or Volcano Image Analysis Software V3.1 (Volcano Corporation). In case of disagreement, the observers reanalysed the IVUS image and reached a consensus on the diagnosis. Manual contour detection of both lumen and the outer vessel wall border was performed for each frame (median interslice distance 0.36 mm). For each coronary segment, quantitative volumetric analysis was performed and plaque volume (vessel volume-lumen volume) and percent plaque burden (plaque volume/vessel volume × 100) were determined. All volumetric data were divided by segment length to compensate for the different segment length of each examined artery and were shown as a volume index. The segment with the largest change in plaque volume index from baseline to follow-up in any matched site was used for the analysis in each patient (segment length 13.5 + 4.8 mm). Multilayer (ML) appearance was defined as multiple layers with distinct echogenicity at baseline 4, 5 (Figures 1 and 2) . When one or more superficial layers with distinct echogenicity were superimposed on a preexisting plaque during follow-up, the finding was defined as ML formation ( Figure 2) . Intraluminal thrombus was defined as an intraluminal mass with a layered, lobulated or pedunculated appearance with speckling at baseline IVUS examination. 6 Plaque ruptures are characterized by a cavity communicating with the lumen with an overlying residual fibrous cap fragment ( Figure 1 ). When plaque rupture was assumed to have occurred during follow-up, it was defined as subsequent plaque rupture ( Figure 3) . To assess plaque composition, absolute amounts and percentage of plaque volume of VH-IVUS parameters (red for necrotic core, white for dense calcium, green for fibrous, and green-yellow for fibrofatty) 7, 8 were measured for each segment. Plaques with multiple layers were classified as fibroatheroma if they had a confluent necrotic core of .10% of plaque area for three consecutive frames; otherwise, they were defined as plaques without a necrotic core layer. Fibroatheromas were subclassified as a single or multiple layers of necrotic core 9 ( Figure 2 ). 
Statistical analysis
Results
Baseline characteristics
At baseline, 38 (29%) showed a finding of ML appearance and 94 (71%) did not. Baseline characteristics are shown in Table 1 . On coronary angiography, 12 (32%) subjects were graded as CAV 0, 20 (53%) as CAV 1, 4 (11%) as CAV 2, and 2 (5%) as CAV 3 in the ML appearance (+) group, whereas 73 (78%) graded as CAV 0, 20 (21%) as CAV 1, 1 (1%) as CAV 2, and none (0%) as CAV 3 in the ML appearance (2) group (P , 0.001). Of note, no ML appearance, thrombus or plaque rupture was suspected by angiography.
Grayscale intravascular ultrasound findings
Grayscale IVUS findings are summarized in Table 2 . Subjects with ML appearance had a greater vessel volume and plaque volume. The findings of ML appearance were more often identified in lesions with greater plaque burden (P , 0.001, Figure A1A ). A positive relationship was observed between the time since transplant and plaque volume index at baseline (Spearman's r ¼ 0.36, P , 0.001). Intriguingly, intraluminal thrombi (n ¼ 11) and plaque ruptures (n ¼ 7) were observed only in subjects with ML appearance. Moreover, all ruptured cavities were identified in the luminal surface of multiple layers ( Figure 1D ). When patients were categorized according to the time since transplant [,2 years (n ¼ 53), 2-5 years (n ¼ 28), and .5 years (n ¼ 53)], the incidence of ML appearance, intraluminal thrombus, and plaque rupture increased with time since transplant ( Figure 4) . After a median follow-up of 3.0 (IQR: 2.0 -4.0) years, subjects in both groups showed increases in plaque volume. When the change from baseline was compared between the two groups, there was an increase in plaque volume in subjects with ML appearance, but not in vessel volume, signifying a decrease in lumen volume. The change in plaque volume index correlated with follow-up duration (Spearman's r ¼ 0.223, P ¼ 0.010) in overall subjects. Nevertheless, the change in plaque volume index was related neither to the baseline plaque volume nor to the time since transplant ( Figure A2 ), implying that the plaque volume increased in a linear manner with time after transplantation. During follow-up, subjects with ML appearance had more ML formations, intraluminal thrombus formations, and subsequent plaque ruptures. More than half of lesions with rapid progression (.10% increase in plaque volume per year) revealed ML formation generated from segments both with and without ML appearance at baseline (P , 0.001, Figure  A1B ).
All intraluminal thrombus formations were observed in segments with multiple layers (both ML appearance and ML formation). Of seven lesions with subsequent ruptures, three ruptured cavities were identified in preexisting multiple layers and four in the subsequently formed layers ( Figure 3 ).
Virtual histology-intravascular ultrasound findings
Plaque compositions are shown in Table 3 . At baseline, subjects with ML appearance had greater percentage of necrotic core and dense calcium compared with those without. At follow-up, the plaque volume increased in all compositions [except fibrofatty tissue in the ML appearance (+) group]. When the change from baseline was compared between the two groups, necrotic core and dense calcium volume increased in subjects with ML appearance compared with those without ( Figure 5 ). Of 38 subjects with ML appearance at baseline, 22 (58%) had a single and 9 (24%) had multiple layers of necrotic core. Likewise, of 43 subjects with ML formation during follow- 
Multivariable linear regression analysis
Patients with ML appearance at baseline imaging had a higher rate of change in plaque volume [covariance adjusted mean 0.28 mm 3 / mm/year, 95% CI (0.10, 0.45), P ¼ 0.003] than those without ML (Table A1) .
Interobserver and intra-observer agreement
Inter-and intra-observer agreement for ML appearance, intraluminal thrombus, plaque rupture and multiple necrotic core layers were 0.85; 0.92, 0.78; 0.84, 0.78; 0.84, and 0.80; 0.93, respectively. Likewise, the interobserver agreement for ML appearance between the one onsite reader and the two offsite readers (offsite readers 1 and 2) was 0.73 (onsite reader vs. offsite reader 1), 0.71 (onsite reader vs. offsite reader 2), and 0.64 (offsite reader 1 vs. offsite reader 2), respectively (Table A2 ).
Discussion
The current serial IVUS study demonstrated that a substantial number of asymptomatic HTx recipients had lesions with complex lesion morphology, such as multiple layers, intraluminal thrombi, and plaque ruptures. Furthermore, this study implies that recurrent episodes of coronary thrombosis, presenting as ML appearance, may mediate the progression of CAV.
Multiple layers are often indicative of repetitive, periodically occurring asymptomatic thrombus formation. 12 -14 Post-mortem studies for native atherosclerosis demonstrated healed plaque ruptures and erosions with multiple layers of distinct tissue components. 12 ML appearance identified by cross-sectional IVUS imaging has been interpreted as mural thrombus. 4, 6 To our knowledge, this is the first longitudinal IVUS study, demonstrating multiple layers not only at a single time point (ML appearance) but also longitudinally (ML formation). The present serial IVUS study demonstrated that lesions with ML formation exhibited new inner layers with distinct echogenicity overlaying preexisting outer layers. This observation could be highly indicative of repeated episodes of mural thrombosis. A previous autopsy study in 64 allograft hearts showed that 19 arteries had recent or organized luminal thrombi. 15 Another postmortem study demonstrated coronary thrombi in 81% of transplanted hearts with CAV, and notably, most of the thrombi (78%) were non-occlusive mural thrombi, 16 consistent with our observations. The current study extends these previous in vitro observations and confirmed these findings in vivo, and suggests that coronary thrombosis might occur more frequently in CAV than previously suspected. .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ....... demonstrated that mural thrombi were stratified on discontinuous or absent endothelial layers without atheromatous lesions, suggesting plaque erosion as a possible underlying mechanism in CAV. In this study, in contrast to the histological analysis, most plaques with multiple layers exhibited a single or multiple layers of necrotic core, implying healed plaque rupture. These seemingly disparate results need to be interpreted with caution because of the paucity of data comparing VH-IVUS imaging with histology in various degrees of thrombus organization. Further studies are warranted to determine the underlying mechanisms of multiple layers in CAV.
In the current study, segments with ML appearance were more likely to increase in plaque volume and have more subsequent ML formation. Insufficient endothelial cell ingrowth over the surface of the thrombus 14 may predispose to recurrent thrombosis. Growth factors from platelets in mural thrombus 18 and repetitive ruptures 13 may cause plaque expansion due to smooth muscle cell proliferation. Thus, several episodes of mural thrombosis and subsequent fibrotic organization may contribute to plaque progression in CAV. The present study revealed that 9% of subjects had plaque ruptures during the study period. While the precise mechanisms leading to plaque rupture in CAV remain uncertain, several factors can be entertained. Mechanical stress such as blood pressure 19 and plaque stress 20 may lead to interfacial debonding between inner and outer plaque layers due to the large mismatch in hardness of thrombus layers with different degrees of organization. Plaque destabilization of advanced lesions is another plausible mechanism. Atheromatous plaques were identified histologically in longer surviving allografts 21 and even in paediatric recipients. 15 In addition, organized thrombi contribute to the progression to advanced atherosclerotic plaques, 22 consistent with our findings that necrotic core and dense calcium were the major components of increased plaque volume. A previous study from our group 10 showed that plaques with increased inflammatory burden assessed by VH-IVUS are associated with progression of CAV. The current study showing the relation of multiple layers to plaque progression extends the previous observation and raises a possibility that specific plaque characteristics may contribute to plaque progression in CAV. The association of the IVUS finding of multiple layers with myocardial damage is of concern. In the current study, 7 (18%) of 38 recipients with ML appearance at baseline had regional wall motion abnormalities. Six of them had a segmental wall motion abnormality in the perfusion territory corresponding to the LAD. The other one had in a different region. Of 22 recipients who developed ML formation during follow-up without ML appearance at baseline, 2 (9%) acquired a new wall motion abnormality in the corresponding region to the LAD. There is a possibility that myocardial damage can be attributed to repeated thrombotic episodes to some extent. As the present study was not designed to determine the impact of specific IVUS findings on cardiac function, further studies are needed.
It should be mentioned that more subjects with ML appearance were on aspirin therapy at baseline. Extensive coronary artery stenosis in these subjects would affect physicians' clinical decisions to use aspirin.
Given complex lesion morphology and their contribution to plaque progression, the current study may call attention to the possibility that pharmacologic agents targeting clotting or coagulation cascade may attenuate the progression of CAV.
Limitations
The present study has several potential limitations. As this study cohort consisted of recipients undergoing repeated routine IVUS examinations, this may introduce a selection bias. Moreover, plaque characterization using VH-IVUS in HTx patients has not been validated. In this study, IVUS examinations were performed only in the LAD, not in the entire coronary arteries. Therefore, the findings in this study may reflect the disease process in a limited number of coronary sites in each patient. In addition, multivariable linear regression analysis was performed based on the assumption that plaque progression was linear over time. However, natural course of plaque progression during long-term follow-up in the same individual is uncertain due to insufficient data. Finally, since this is a single-centre study involving a small sample, the results are subject to the shortcomings inherent to all single-centre studies, and the results and conclusions of this study should be regarded as exploratory, provocative, and hypothesis-generating. A study of larger patient populations from various centres with an independent core IVUS laboratory is warranted to confirm the results.
Conclusions
In conclusion, our observations demonstrate that a finding of ML appearance, which may be indicative of repeated episodes of mural thrombosis, is not infrequent in asymptomatic cardiac transplant recipients. These findings may contribute to progression of CAV. The current study gives new insight into the potential role of coronary thrombosis in plaque progression in CAV. The adjusted R 2 value was 0.179. Age was entered into a multivariable model as (age-50)/10, so that the parameter estimate for age reflects the expected change per 10 year increase and the intercept reflects the expected mean for a 50-year-old with all other covariates set to zero. The lumen volume index (P ¼ 0.040 on univariate analysis) and vessel volume index (P ¼ 0.018 on univariate analysis) were not included in the multivariable model due to multicollinearity with plaque volume index. CI, confidence interval; ML, multilayer; and SBP, systolic blood pressure.
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